The adenosine to inosine RNA editing process mediated by adenosine deaminase acting on RNA (ADARs) has been reported to play critical roles in the functional development of the central nervous system by modulating the functions of neurotransmitter receptors. Serotonin 2C receptor (5-HT2CR) mRNA undergoes editing by these ADARs at 5 nucleotide positions (sites A-E) located in the sequence encoding the second intracellular loop of 5-HT2CR. This editing allows for the generation of 32 mRNA variants and 24 protein isoforms of the receptor differing in G-protein coupling efficiency.
The adenosine to inosine RNA editing process mediated by adenosine deaminase acting on RNA (ADARs) has been reported to play critical roles in the functional development of the central nervous system by modulating the functions of neurotransmitter receptors. Serotonin 2C receptor (5-HT2CR) mRNA undergoes editing by these ADARs at 5 nucleotide positions (sites A-E) located in the sequence encoding the second intracellular loop of 5-HT2CR. This editing allows for the generation of 32 mRNA variants and 24 protein isoforms of the receptor differing in G-protein coupling efficiency.
1) The involvement of 5-HT2CR mRNA editing in psychiatric disorders has been hypothesized based on etiological and pharmacological studies. Altered editing of 5-HT2CR mRNA was detected in the postmortem brains of patients with major depression, schizophrenia and bipolar disorder.
2-4) Yang et al. 5) found that 5-HT2CR mRNA editing frequency in human glioblastoma cell lines was altered by treatment with interferon which causes depression as an adverse effect. These findings also raised the possibility that compounds with the ability to inhibit/stimulate the editing of 5-HT2CR mRNA are useful for clarifying the role of 5-HT2CR mRNA editing in psychiatric disorders.
Our previous studies have shown that the editing efficacy of 5-HT2CR mRNA and ADAR-2 pre-mRNA and the level of ADAR-2 pre-mRNA are altered during the development of the brain in rats. 6, 7) These results suggested that 5-HT2CR mRNA editing and these enzymes play a role in the brain's maturation. To find a pharmacological tool with which to investigate the roles of 5-HT2CR mRNA editing, we examined the effect of erythro-9-(2-hydroxy-3-nonyl) adenine hydrochloride (EHNA), a well-known inhibitor of adenosine deaminase (ADA) which breaks extracellular adenosine, 8) on the editing of 5-HT2CR mRNA at sites A-D in cultured cortical cells.
MATERIALS AND METHODS
Cultured cortical cells prepared from E20 embryos as described previously 6, 7) were used for the experiments. The cells were exposed to vehicle (control) or EHNA included in culture media at concentrations of 30 and 60 mM for 6 d.
After a 6-d cultivation period, total RNA was extracted, and RT-PCR was carried out as described previously. 6, 7) The specific primers for target genes to identify the bases at editing sites were: 5-HT2CR mRNA (NM_008312); 5Ј-atg tcc cta gcc att gct gat atg ctg gtg-3Ј (sense), 5Ј-atg cca cga agg acc cga tga gaa cga agt-3Ј (antisense), and Texas Red-labeled: 5Ј-ata ttt gtg ccc cgt cgt ga; ADAR-2 pre-mRNA (NW_047598), 5Ј-atg tgc tgg tga act cac ag-3Ј (sense), 5Ј-gtg gtg ccc aga aag agt gg-3Ј (antisense) and Texas Red-labeled: 5Ј-taa gta gga gag gca ata ggt ccg-3Ј; and GluR2 (NM_017261), 5Ј-tat atg agg agt gca gag cc-3Ј (sense), 5Ј-ata ctc cag caa cgt tgc tc-3Ј (antisense) and Texas Red-labeled: 5Ј-ctg tgt ttg tga gga cta cc-3Ј. Based on pilot studies where we ran specific primers for target genes, the proper cycle number for the amplification of each target gene was chosen (5-HT2CR mRNA including the editing sites: 35; ADAR-2 pre-mRNA: 28 cycles; GluR2: 32 cycles). To analyze the editing frequencies at sites A-D of 5-HT2CR mRNA, a direct sequencing method with a Tex-Red-labeled primer adapted to the PCR product was employed as previously reported. 6, 7) All data were expressed as the meanϮS.E.M. and analyzed by a one-way analysis of variance (ANOVA) followed by the Student-Newman-Keuls test. Differences of pϽ0.05 were considered significant.
RESULTS
We previously demonstrated that the editing frequencies of 5-HT2CR mRNA reached maximal levels at days 6-9 in primary cultured cortical cells. 7) Therefore, in this study, the primary cultured cortical cells were treated with different concentrations of EHNA (10-100 mM) for 6 d. Based on a preliminary study, we evaluated the effect of 30 and 60 mM EHNA on the editing frequencies at sites A-D of 5-HT2CR mRNA in the cultured cells. Microscopic observation revealed an enhancement of neurite outgrowth during the 6-d cultivation. Treatment of the cells with EHNA for 6 d did not cause any morphological changes ( Fig. 1-1) ). Meanwhile, as illustrated in Fig. 1-2) ), EHNA treatment (30-60 mM) concentration-dependently decreased the editing frequencies at sites C and D: a reduction from 23 to 10.5% and from 44.7 to 14.8% at 60 mM of EHNA, respectively. This treatment had no effect on the editing frequency at site A or B. To clarify whether the effect of EHNA on mRNA editing is specific to sites C and D of 5-HT2CR mRNA, we also analyzed the effects of EHNA on the editing of genes encoding ADAR-1 and -2 and GluR2 in cultured cortical cells because ADAR-1 and -2 are also responsible for RNA editing. 9) EHNA treatment (30-60 mM) of the cells for 6 d had no effect on the editing frequencies at sites Q/R and R/G of GluR2 mRNA, or at the six positions of ADAR-2 pre-mRNA (Table 1) .
DISCUSSION
This study aimed to find a pharmacological tool to investigate the physiological roles of 5-HT2CR mRNA editing which is thought to be involved in psychiatric disorders. To this end, we examined the effects of EHNA, an inhibitor of ADA, on the editing in cultured cortical cells. EHNA (30-60 mM) preferentially inhibited editing at sites C and D of 5-HT2CR mRNA without affecting that at sites A and B or the editing of other genes. It is likely that EHNA is a specific/preferential inhibitor for the enzyme involved in editing at sites C/D of 5-HT2CR mRNA. Since sites C/D are edited by ADAR-2, whereas sites A/B are edited by ADAR-1, EHNA seems to be specific to ADAR-2. In contrast to its effect on the editing of 5-HT2CR mRNA, EHNA had no effect on the editing of GluR2 mRNA. Previous studies 10, 11) have demonstrated that the Q/R site of GluR2 mRNA is predominantly edited by ADAR-2, whereas the R/G site is edited by both ADAR-1 and -2. EHNA treatment inhibited the editing at sites C and D but not that at the Q/R site, although these sites are reportedly edited by ADAR-2. These results may indicate that the effects of EHNA depend on the characteristics of the site of editing in addition to selectivity forward ADAR-2. The Q/R site is usually edited at a rate of approximately 100% in adult brain as in this report. A slight decrease in editing frequency at the Q/R site (62-100%) resulting in abnormal permeation by Ca 2ϩ has been observed in ALS (amyotrophic lateral sclerosis) patients. 12) Namely, since the Q/R site must be highly edited for the physiological RT-PCR was conducted using a specific primer set to include the editing sites of GluR2 mRNA and ADAR-2 pre-mRNA. The PCR products including editing sites were analyzed using Texas red-labeled primers. The GluR2 mRNA contained 2 sites: sites Q/R and R/G. The ADAR-2 pre-mRNA contained six positions: Ϫ2, Ϫ1, ϩ10, ϩ14, ϩ23 and ϩ24. Each value represents the meanϮS.E.M. The number of dishes used in the experiments is indicated in parentheses. function, the sensitivity of this site to ADAR-2 activity in itself may be relatively high. Thus, the inhibitor EHNA would not be able to contribute to inhibit this editing. On the other hand, as the editing rate of sites C and D is maintained at a low level (Fig. 1) , these sites easily to accept the deamination activity controlled by ADAR-2. In other words, sites C and D are affected by ADAR-2 inhibitor EHNA. Changes in editing frequency may not be simply controlled by ADARs alone. Phosphorylation may also be involved in the changes in frequency of RNA editing. Further clarification of related factors is necessary to know the functional meaning of RNA editing. Changes in editing frequencies at sites C and D of 5-HT2CR mRNA have been reported to be involved in psychiatric disorders in humans 1) and to be observed in animal models of psychiatric disorders such as depression 13) and anxiety. 14) Furthermore, treatment of mice with an antidepressant, fluoxetine, decreased the editing frequency at site C. 15) These reports suggested a close linkage between 5-HT2CR mRNA editing and psychiatric disorders. The present findings about high sensitivity of EHNA against 5-HT2CR mRNA editing at sites C and D suggest that EHNA is useful to investigate the functional roles of these sites' mRNA editing such as the generation of short variant mRNA. 16, 17) 
